Abstract-Direct perfusion of the sinus node artery under a constant pressure of 100 mmHg was carried out in vagotomized dogs. "Selective" injection of L-3-methoxy ()-(t-hydroxy-l-phenylisopropylamino) propiophenone hydrochloride (oxyfedrine) into the sinus node artery induced three types of chronotropic response; a pronounced sinus tachycardia, an initial bradycardia followed by sustained tachycardia, or a definite sinus bradycardia alone. The paradoxical sinus bradycardia induced by oxyfedrine was more pronounced at higher doses of the compound, whereas it was never produced by the injection of isoproterenol.
The oxyfedrine-induced sinus tachycardia, which occurred even in reserpinized preparations, was not suppressed by the treatment with tetrodotoxin, hexamethonium or bretylium, but it was selectively inhibited by pro pranolol.
Atropine, tetrodotoxin or hexamethonium did not prevent the occurrence of sinus bradycardia induced by oxyfedrine, and physostigmine failed to enhance the response. The present study indicates that the oxyfedrine-induced tachycardia is mediated mainly by a direct stimulating action on adrenergic S-receptors, while the bradycardia appears to be induced by a direct depressant action on the S-A node.
L-3-methoxy-o)-(hydroxy-l-phenylisopropylamino)
propiophenone hydrochloride (oxyfedrine), a drug for ischemic heart diseases (1), exhibits potent cardiac effects, i.e. positive inotropic and chronotropic as well as coronary vasodilating effects, mainly mediated by direct stimulation of adrenergic 13-receptors (2-7). However, oxyfedrine may depress cardiac contraction at higher doses (2) (8).
It seemed, therefore, of interest to examine the mechanism of action of oxyfedrine induced changes in heart rate. Experiments were performed in order to clarify whether oxyfedrine has direct or indirect effects on adrenergic or cholinergic receptors of the sino atrial (S-A) node.
MATERIALS AND METHODS
Thirty-six mongrel dogs of both sexes, weighing 10 to 25 kg were anesthetized with 30 mg/kg i.v. of sodium pentobarbital. A smaller dose was sufficient to induce anesthesia in reserpinized dogs. For 2 days before the experiments, reserpine was given s.c. in a daily dose of 0.25 mg/kg. A tracheotomy was done and artificial respiration was given by means of a Harvard positive respirator (Model 607). The chest was opened at the right 4th inter costal space. The pericardium was cut, and a pericardial cradle was arranged so that the heart would remain in the proper position. The direct perfusion of the sinoatrial (S-A) node artery was arranged according to the modification of original method of James and Nadeau (9) . The details of the preparation have been described elsewhere (10) .
All experiments were performed under constant perfusion pressure at 100 mmHg.
Initial dose of 500 U/kg of sodium heparin was administered intravenously. Harvard style peristaltic pump (Model 500-1200) was used for the perfusion. The flow rate in the S-A node artery was determined by using electromagnetic flowmeter (Nihon Kohden MF-25).
Pressure transducers (Nihon Kohden MP-4T) were used for the measurement of perfusion pressure and systemic blood pressure at the femoral artery. ECG was reccrded by an electrocardiograph (Fukuda Electro. RS-200A) according to the bipolar apex-base lead from the surface of the heart and the heart rate was continuously measured by a card iotachograph 
RESULTS

Chronotropic response of the S-A node to oxyfedrine and isoproterenol injected into the S-A node artery
The direct injection of oxyfedrine into the S-A node artery caused a sustained increase of sinus rate, as shown in Fig. IA . In Table 1 , the maximal response to oxyfedrine is shown in comparison with that of isoproterenol in both normal and reserpinized preparations.
The effect of oxyfedrine was much weaker than that of isoproterenol.
The oxyfedrine-induced sinus tachycardia was often preceded by minor but clear sinus bradycardia (Fig. I B) . Moreover, a decrease of sinus rate as the only response to oxyfedrine was also observed in a minority of cases (Fig. IC) . The frequency of incidence of negative chronotropic response appeared to increase when higher doses of oxyfedrine were injected into the artery, while isoproterenol never induced such a paradoxical response. The paradoxical response, which was almost the same for each animal during the course of an experiment, could be observed in reserpinized as well as in normal preparations, although the incidence was less frequent (Table 2) .
Studies on oxyfedrine-induced tachycardia
Effects of hexamethonium (C6), tetrodotoxin (TTX), bretyliuni and propranolol: A single dose of Cs (100 P g) did not inhibit the increase of sinus rate caused by oxyfedrine (30 /tg), although it completely blocked the response to DMPP (10 leg), as shown in Fig (Fig. 2D) . Moreover, the negative chronotropic response to oxyfedrine was enhanced by a larger dose of propranolol (60 pig) (Fig. 3) .
Response of the S-A node to repeated administration of oxyfedrine: An injection of oxyfedrine (30 P g) into the S-A node artery caused a pronounced acceleration of the sinus rhythm, which lasted for about 15 min. When the effect of the first administration had disappeared, the same dose of oxyfedrine was injected again. As shown in Table 3 , no significant changes with respect to the duration as well as to the magnitude of the response to oxyfedrine were observed (P>0.05). Sinus bradycardia induced by oxyfedrine after propranolol.
The figure shows a typical result from 3 preparations.
TABLE 3. Repeated injection of the same dose of oxyfedrine
Oxyfedrine (30 jig) was injected into the S-A node artery immediately after the effect of a preceding dose had disappeared. These results were obtained almost exclusively from "A-type responses," as shown in Fig. 1 . Each value respresents mean +standard error from 5 animals.
Response of the S-A node to oxyfedrine in reserpinized animals:
A positive chronotropic response to oxyfedrine (30 pg) was not diminished by pretreatment with reserpine, while the response to tyramine (10 leg) or norephedrine (10 pg) was remarkably reduced under the same conditions (Fig. 4) .
Studies on oxyfedrine-induced bradycardia
Effects of hexamethonium (C6), tetrodotoxin (TTX), atropine and physostigmine: C6
(100 pg) did not prevent oxyfedrine-induced bradycardia, whereas the response to DMPP (10 ,izg) was completely inhibited (Fig. 5A) . TTX (1 pg) also failed to block the negative chronotropic response caused by oxyfedrine (30 pg), as shown in sinus rate and enhanced the negative chronotropic response to ACh, while it did not modify oxyfedrine-induced bradycardia (Fig. 5D ).
Effects of oxyfed1'lnc and isoprotcrenol during continuous infusion of norepinephrine:
The injection of oxyfedrine (30 /gig) or isoproterenol (0.1 leg) into the S-A node artery induced a pronounced sinus tachycardia. After control responses of each drug were obtained, norepinephrine was continuously infused into the S-A node artery at a rate of 0.1 ,gig/0.1 ml/min. There was a rapid increase in the sinus rate, which had stabilized during the infusion. Thus, a single injection of oxyfedrine (1 to 30 ,ng) induced a definite decrease of sinus rate, while isoproterenol (0.1 rtg) further increased norepinephrine-induced tac hycardia (Fig. 6) .
DISCUSSION
In the present experiments, a direct canine S-A node perfusion method, which was originally devised by James and Nadeau (9) and modified by Hashimoto et al. (10) for pharmacological research, was used to study the mechanism of oxyfedrine-induced changes in heart rate. This method seems adequate to study direct effects of drugs on heart rate, since these drugs can be administered selectively into the S-A node artery and therefore
give almost no systemic effects.
Injection of oxyfedrine into the S-A node artery produced three types of responses on sinus rate, as shown in Fig. 1 ; A) a pronounced increase of the sinus rate, B) an initial de crease followed by an increase in rate, or C) a decrease in rate, only. The pronounced positive chronotropic response induced by oxyfedrine was not influenced by the admin istration of either hexamethonium or tetrodotoxin. These observations exclude an indirect (reflectory) mode of action of the positive chronotropic response to oxyfedrine. Repeated administrations of oxyfedrine into the S-A node artery did not show a tachyphylaxis, neither on the magnitude nor on the duration of the acceleration of the sinus rhythm. Moreover, the positive chronotropic effect was never diminished by the pretreatment with reserpine, but was definitely inhibited by propranolol. Hence, it would appear that the oxyfedrine induced tachycardia is indeed caused by a direct action on adrenergic ,3-receptors of the S-A node. These findings and conclusions are in accordance with previous results (3) (6) (7) (12). As described in this paper, oxyfedrine also induced initial sinus bradycardia followed occasionally by a sustained tachycardia. Hashimoto et al. (13) observed similar paradoxical responses by direct injection of catecholamines (e.g. to epinephrine, dopamine but not to isoproterenol) into the canine S-A node artery and could effectively block it with a treatment of hexamethonium.
In the present study, tetrodotoxin as well as hexame thonium failed to prevent the negative chronotropic response to oxyfedrine, and therefore, the oxyfedrine-induced bradycardia cannot be ascribed to a reflex mechanism.
Bradycardia was never induced by the injection of 0.01 ml of 0.9; saline solution over 4 sec. According to Hashimoto et al. (10) having tested the effect of saline solution on sinoatrial rhythmicity, it was concluded that the use of 0.01 ml, usually up to 0.05 ml/4 sec, failed to induce any remarkable chronotropic effect. Also, the paradoxical response to oxyfedrine cannot be ascribed to a depression of pacemaker activity due to ischemia caused by local vasoconstriction, because present sinus perfusion experiments were performed under similar conditions, at a mean perfusion flow rate of 2.58 ml/min (_0.22 S.E.). As shown in Fig. 1 , oxyfedrine produced a slight increase but no decrease of the sinus perfusion flow even when a marked initial bradycardia occurred after the injection of oxyfedrine into the S-A node artery. Moreover, the pH of the oxyfedrine solution tested in the present experiment was 5.65, but an intraarterial injection of the same volume of 0.9'/ saline solution adjusted to pH 5.65, produced no effect on the sinus chronotropic response.
In addition to j -stimulating properties, oxyfedrine possesses some cholinesterase inhibitory property in vivo as well as in vitro (14) . It seemed, therefore, of interest to use atropine or physostigmine as pharmacological tools for the elucidation of the paradoxical response to oxyfedrine. The oxyfedrine-induced bradycardia was not blocked by atropine, which blocked ACh-induced bradycardia. Also, physostigmine, which prolonged the action of ACh, failed to enhance the oxyfedrine-induced deceleration response. Therefore, it is unlikely that the oxyfedrine-induced bradycardia is caused by a cholinergic mechanism.
According to other reports, oxyfedrine at high doses blocks adrenergic 13-receptors (8) (15) (16) and such is attributed to a partial agonistic property at 13-adrenoceptors (17) (18) .
In this study, sinus bradycardia could be reproducibly induced by the S-A node injection of oxyfedrine under the conditions of an accelerated sinus rhythm caused by a continuous infusion of norepinephrine, but bradycardia was never observed with the injection of iso proterenol. It may be possible, therefore, that oxyfedrine produced bradycardia partly due to the fact of its ;3-blocking action. However, even in the reserpinized preparations in which the myocardial catecholamine stores could be depleted over 90% (19) , bradycardia was induced by high doses of oxyfedrine. This finding presumably excludes the possibility that the oxyfedrine-induced bradycardia is caused by blocking the effect of circulating catecholamines spontaneously released.
Accordingly, a direct depressant action, e.g. unspecific "membrane stabilizing" action (20) (21) (22) on the S-A node unrelated to stimulation or blockade of adrenergic or cho linergic receptors may be assumed as the sole mechanism of the oxyfedrine-induced brady cardia. This property of oxyfedrine, however, is probably masked by the predominant i3-adrenergic stimulant property under most experimental conditions, especially under such bradycardia related conditions as observed in the reserpinized animals.
We conclude from this study that the oxyfedrine-induced tachycardia is mediated mainly by a direct stimulating action on adrenergic i3-receptors, while the bradycardia ap pears to be induced by a direct depressant action on the S-A node.
